Abstract: Apyrase (ATP diphosphohydrolase, EC 3.6.1.5) catalyzes hydrolysis of nucleoside tri-and di-phosphates to nucleoside monophosphates and orthophosphates. In the present study, the spatio-temporal expression of an apyrase gene (PsAPY1) in pea (Pisum sativum L. var. Alaska), was investigated during early stages of apical hook development using nonradioactive mRNA in-situ hybridization. During the formation of apical hook; at 45 hours after sowing (HAS), expression of PsAPY1 was obvious in epidermis and vascular bundle. By 60 HAS, the apical hook was completely formed. At this stage, transcript accumulation became higher than at the previous stage and expression was also visible in the cortex tissues of the developing hook. However, at 78 HAS, the curvature of the hook was reduced and hook was in the process of opening. At this time, expression of PsAPY1 was visible in all the above-mentioned tissues although the level of expression was slightly lower than at the previous stage (60 HAS). Apical hook formation provides a unique mechanism of protection for delicate shoot meristem in dicot plants. Its establishment is orchestrated by differential elongation rates of cells within the structure. The expression pattern of a gene provides essential information concerning the likely appearance and localization of its encoded protein and this helps to understand the mechanism of development of plant cells and tissues. Higher expression of PsAPY1 during the process of hook development indicates its essential role in the process of formation and maintenance of hook curvature and thus aids in protection of delicate shoot meristem.
Introduction
Apyrase (ATP-diphosphohydrolase, E.C. 3.6.1.5) is an enzyme which hydrolyzes ATP and ADP along with other nucleoside tri-and/or di-phosphates into monophosphates, by a one-step reaction (Shibata et al. 1999) . It is widely distributed in both animal and plant tissues and can be classified as an endo-apyrase or ecto-apyrase based on the localization and biochemical characteristics (Plesner 1995; Komoszynski & Wojtczak 1996) . In animals, the various roles of apyrase have been extensively studied. However, relatively little is known about the functions of apyrase in plants. In plants, this enzyme has been characterized from potato (Solanum tuberosum; Kalckar 1944; Molnar & Lorand 1961; Kettlun et al. 1982) , and various legumes, such as Glycine max (soya; Day et al. 2000) , Medicago truncatula (barrel medic; Cohn et al. 2001) , and Pisum sativum (pea; Hsieh et al. 2000) . It has been identified from various plant tissues and has multiple cellular locations, such as the cytoskeleton (Shibata et al. 1999) , filamentous structures associated with ribosomes, nuclei (Shibata et al. 2002) , chromatin (Matsumoto et al. 1984) , nuclear membrane (Tong et al. 1993) , the outer surface of the cytoplasmic membrane, the cell wall (Thomas et al. 1999) and in the Golgi (Dunkley et al. 2004; Chiu et al. 2012; Parsons et al. 2012; Schiller et al. 2012) . These findings suggest that apyrase in plants may be involved in diverse functions and signalling inside and outside the cells.
So far in pea, two types of apyrase have been reported; PsAPY1 and PsAPY2. Zancani et al. (2001) inferred that the cytoplasmic apyrase associated with the outer surface of mitochondria may be involved in the regulation of adenylate pool. NTP/dNTP pools are important in the cells undergoing division where transcription, gene duplication, and assembly/disassembly of the cytoskeleton proteins occur. In another experiment, PsAPY1, an endo-apyrase protein, was isolated from the pea nuclei and cytoskeleton, and was hypothesized to play a role in cytoskeleton associated mRNA transport, cytoskeleton-based cellular metabolism and cytoskeleton-related signal transduction and transportation (Shibata et al. 1999 (Shibata et al. , 2002 . It was shown 294 T. Sharma et al. that PsAPY1 was localized in the cell wall, the nucleus, and around the filamentous structures in the cytoplasm of 5-day-old pea seedlings. In dark-grown pea seedlings, the enzyme activity and isotypes of the 49-kDa apyrase appeared when germination started about 10-16 h after imbibed seeds were sown and became much higher before the stem and plumule were fully developed (Moustafa et al. 2003) . Yoneda et al. (2009) showed that apyrase increased during the early stages of germination of pea seeds in terms of transcript accumulation, enzymatic activity, and amount of the PsAPY1 protein. It continued to be highly expressed for at least 62 h after sowing, when pea seedlings differentiated into plumule, hook, epicotyl, and root.
During the process of germination, a skotomorphogenic hook-like structure is formed at the apical part of the hypocotyl or epicotyl, which acts as a protection for the growing meristem. Apical hook formation is a dynamic process that can be sub-divided into the following stages: hook formation, maintenance and opening (Willige et al. 2012) . It occurs as a result of asymmetric growth along the apical-basal axis (Silk & Erickson 1978) . Time-dependent analyses of the hypocotyl showed that the apical hook is formed during an early phase of seedling growth and is maintained in a sequential phase by a distinct process (Raz & Ecker 1999) . Differential growth in the apical hook is traditionally assumed to result from the differential cell elongation of epidermal cells (Silk & Erickson 1978; Ecker 1995) . Once cells pass the hook mid-line, the difference in growth rate between outer and inner sides reverses and the structure is straightened (Raz & Koornneef 2001) . The coordination of differential cell growth shapes the cells (Mathur 2004) , and is regulated by several factors like hormones and enzymes. Other key components involved in the determination of cell shape and growth are the activities of specific cytoskeletal proteins (Wasteneys et al. 2003) , which define the cellular architecture of plant tissues, influencing the patterns of cell expansion during the growth. Growth is a dynamic process which involves contribution and co-ordination of many cellular activities including de novo expression of genes. Analysis of differential gene expression is one of the cornerstones of modern molecular biology. It forms the basis for unravelling the processes of plant growth and development.
In the present study, we used non-radioactive mRNA in-situ hybridization (NRISH) to investigate the spatio-temporal expression of PsAPY1 during the various stages of apical hook formation in pea.
Material and methods

Plant materials
Pea seeds (Pisum sativum L. var. Alaska) were washed and imbibed for 10 h in tap water, sown in vermiculite and allowed to grow at 22
• C in the dark for various time periods. Seedlings were harvested after 45, 60, and 78 hours after sowing (HAS).
Detection of PsAPY1 transcripts by non-radioactive mRNA in-situ hybridization (NRISH)
Tissues were fixed in freshly prepared 4% paraformaldehyde solution for 10 h and embedded in 4% carboxymethylcellulose and rapidly frozen. A block of the frozen tissue was affixed on the freezing stage of a microtome (Yamato ROM-380, Japan) chilled to -13
• C and sectioned with a stainless steel microtome blade (feather stainless steel) at 40 µm thickness. Pre-hybridization washes were done according to the methods described by Arumugam et al. (2007) . Hybridization of the tissue samples was performed with Dig-labelled sense and antisense probes purchased from GeneDetect (http://www.genedetect.com), and hybridization buffer (Sigma, USA) followed by incubation at 37
• C for 24 h. The post hybridization washes were performed according to the manufacturer's instructions (http://www.genedetect.com/protocols.htm). For detection of hybridization signals, sections were washed three times in Buffer 1 (100 mM Tris HCl, pH 7.5, 150 mM NaCl) for 5 min. The washed sections were then immersed in blocking reagent (1% sheep serum in Buffer 1) for 2 h, followed by incubation for 4 h with the anti-Dig antibody (Roche) at room temperature, diluted to 1:500 with Buffer 1 containing 0.1% triton X and 1% blocking reagent. The excess antibody was removed by washing the sections four times with Buffer 1 containing 0.1% triton X for 20 min. The sections were then treated with Buffer 2 (100 mM Tris HCl, pH 9.5, 100 mM NaCl, and 50 mM MgCl2) for 5 min, followed by staining with NBT/BCIP (Nitro-blue tetrazolium/5-bromo-4-chloro-3-indolphosphate) solution [1 tablet NBT/ BCIP (Sigma, USA) in 10 mL of distilled water] in a plastic box for 40 min. The stained sections were washed in tap water and observed with a drop of Buffer 2 under the bright and dark field view with an inverted microscope. Photographs were taken under a Nikon microscope (Microphoto-FXA; Nikon, Japan) using a Pixera cool CCD digital camera (Pixera Penguin 600 CL). Differential staining from dark pink to purple was observed, depending on the growth stages of the seedling and the abundance of PsAPY1 transcripts.
Results
Pea seeds were sown in vermiculite at 22
• C in the dark, harvested at 45, 60 and 78 HAS (Fig. 1) , and examined for the expression of PsAPY1 during these stages using NRISH. At 45 HAS, apical hook formation was visible, but had not fully emerged from seed coat (Fig. 1A) . This process can be referred to as the 'formation step' of the apical hook, and was observed in all seedlings. The exact duration of the formation step differed among individual seedlings, possibly reflecting germination variation. At 60 HAS, the apical hook completely formed and was evident at the tip of the epicotyl (Fig. 1B) . After the apical hook was formed, the epicotyl continued to elongate and the structure was maintained for some time. However, by 78 HAS, the curvature of the apical hook was reduced and the hook structure started to open (Fig. 1C) . This process can be referred to as the 'opening step' of the apical hook of the seedlings. Tissue sections from apical hook region were taken for these corresponding stages and NRISH was performed. In the presence of targeted transcripts, tissues hybridized with antisense probes develop a dark pink to purple colour depending upon the expression level from low to high, whereas tissues hybridized with sense probes develop off-white to light pink colour to imply the absence of targeted transcripts.
Spatio-temporal localization of PsAPY1 during apical hook development At 45, 60 and 78 HAS, tissues were hybridized with gene specific antisense and sense probes (Figs. 2, 3 and 4) and were observed in bright and dark field under the microscope. At 45 HAS, embryos were excised from the seeds, and sections of 40 µm thickness were taken. These longitudinal (Fig. 2A , B, C and D) and transverse sections (Fig. 2E and F) were then hybridized with sense and antisense probes. When compared to the sections hybridized with the sense probe ( Fig. 2A, C and E), the sections hybridized with antisense probes of PsAPY1 developed a purple colour in the regions showing the expression of PsAPY1 (Fig. 2B, D and  F) . At this stage, higher transcript signals were detected in the epidermal cells and in the cells of the vascular bundle as compared to the cells of cortical tissues.
At 60 HAS, the apical hook was formed and was visible at the tip of the epicotyl. Sections were obtained and hybridization was carried out. Longitudinal (Fig. 3A , B, C and D) and transverse ( Fig. 3E and F) sections hybridized with antisense probes at this stage showed higher expression than the previous stage. Here, in addition to the epidermis and vascular bundle, higher transcript accumulation was also present in the cortical cells (Fig. 3B, D and F) , in contrast to the sections hybridized with sense probe (Fig. 3A, C and E) , which were off-white in colour. Figure 4 shows the section of pea seedlings taken at 78 HAS. At this time, the curvature of the apical hook was reduced and the hook structure started to open. At this stage, we found that the expression of PsAPY1 was slightly decreased in these tissues as compared to the tissues of the previous stage (Fig. 4B, D and F) , whereas the sections hybridized with the sense probes (Fig. 4A , C and E) were off-white.
Discussion
In the previous study (Sharma et al. 2013) , we investigated the localization of the transcripts of 49-kDa apyrase during the early stages of germination of pea (P. sativum L. var. Alaska), using non-radioactive insitu hybridization. The aim of the present study was to investigate the spatio-temporal expression pattern of PsAPY1 during the course of apical hook formation in pea seedling, using NRISH. During germination, the seedling pushes itself out of the seed coat via elongation of cells in the root and the epicotyl curves while protruding out of the seed coat forming a hook like structure. Apical hook growth during plant development is predominantly governed by the combined activities of cell division and cell elongation (Raz & Koornneef 2001) , although it results from the differential cell elongation of epidermal cells (Silk & Erickson 1978; Ecker 1995) . In the present study, we found that at an early stage of hook formation (45 HAS), PsAPY1 was mostly expressed in the epidermal cells, the cells of vascular bundles, and became visible in the cortical cells of the hook in later stages when the hook was fully formed (60 HAS); however, when the hook entered into the opening phase at 78 HAS the expression level slightly declined in these tissues. Our present result clearly shows the presence of PsAPY1 during the process of hook formation (45 HAS), after complete emergence (60 HAS) and during the opening process of hook (78 HAS), suggesting a crucial role of apyrase in the formation of hook curvature.
A variety of evidence shows that apyrase is involved in growth and development of tissues. It is highly expressed during pea epicotyl differentiation (Moustafa et al. 2003; Yoneda et al. 2009; Sharma et al. 2013) . It is likely one of the genes involved during the onset of germination and initial differentiation of pea seedlings (Yoneda et al. 2009 ). Other reports suggest the involvement of apyrase in growth and elongation (Clark et al. 2011) , during pollen germination (Steinebrunner et al. 2003) , and that it plays an important role in the control of plant cell growth. Transcript abundance for APY1 and APY2 was found to be highest in tissues and cell types that are growing rapidly; constitutive expression of one of these genes results in enhanced growth of hypocotyls and pollen tubes, and suppression of both genes in Arabidopsis or chemical suppression of apyrase enzyme activity resulted in impaired growth (Wu et al. 2007) . During the process of cell division and expansion, cells are in a highly active state involving synthesis and transportation of new biological components and these processes are associated with high energy demands. Zancani et al. (2001) , inferred that the cytoplasmic apyrases are important in the cells with higher biosynthetic activities and may be involved in regulation of the adenylate pool. These evidences suggest that apyrase is directly or indirectly involved in cell division, elongation, growth and differentiation of tissues.
During 45 HAS, the PsAPY1 transcripts were expressed in the epidermis and vascular bundle. Hook initiation and formation involve the combined activities of cell division and cell expansion in the epidermal cells. During division and expansion, cells are in a metabolically active state which leads to an increase in the level of one or more nucleotides. The balance among these nucleotides is important for the growth and survival of plants. An increase in the level of one of the nucleotides (e.g., ATP) means that others (ADP or AMP) have to decrease (Geigenberger et al. 2009 ). The presence of PsAPY1 during this time may correspond to the involvement of apyrase in the regulation of nucleotide pools. At 60 HAS, the hook was completely formed. This structure is further maintained for some time as a 'standing wave' of growth; cells 'flow' along the hypocotyl from the apex of the hook towards the basal part of the hypocotyl hook, while the curvature remains fixed (Raz & Ecker 1999) . At this stage we found the expression of PsAPY1 was highest. The probable reason for this may be that the maintenance of hook is probably regulated by differential growth rate along the apical basal axis and in around the radial axis, which leads to the highest cell density. Cell density is the cause of differential growth during curving. At the outer curve, cell density along the file is lower; cells can elongate more and the file stretches; at the inner curve, cell density is higher due to cell division events and the rate of the cell elongation is reduced (Raz & Koornneef 2001) . Studies have revealed that the "maintenance" is one of the most important stages in hook development and it is essentially regulated by ethylene (Raz & Ecker 1999) . The highest expression of PsAPY1 at 60 HAS indicates that apyrase may be regulating the growth of the tissues at this stage more critically than at the other stages. At 78 HAS, we found that the curvature of the hook was reduced. During hook opening the growth rate in the inner edge of the hook increases above that of outer edge, causing the hook to straighten. Expression of PsAPY1 at this phase was lower than the the previous stage, suggesting that apyrase is mostly involved during the hook formation and maintenance than during the process of hook opening. Studies have also shown that the coordination of differential cell growth in the apical hook is regulated by several plant hormones, of which auxin and ethylene have been extensively studied (Ecker & Theologis 1994; Lehman et al. 1996 ). An appropriate positional concentration of auxin is required for the precise coordination of differential growth within the apical hook (Schwark & Schierle 1992; Garbers et al. 1996; Lehman et al. 1996) . Recent findings report that chemicals that suppress apyrase activity also inhibit gravitropic curvature and, to a lesser extent, growth. In Arabidopsis, polar auxin transport is greatly reduced in the Apy2 null mutants in the primary roots, whose apyrase expression is suppressed either genetically or chemically. The root showed no signal asymmetry following gravistimulation, and both their growth and gravitropic curvature were inhibited. This suggests that apyrase suppression leads to growth suppression which happens due to inhibition of polar auxin transport. They also suggested that apyrase suppression altered the rate of cell expansion in the elongation zone and disrupted normal patterns of cell growth (Liu et al. 2012) , clearly indicating the role of apyrase in cell expansion. Since auxin is an important hormone playing a crucial role in apical hook formation and apyrase influences growth through polar auxin transport, apyrase may be influencing the development of hook curvature through polar auxin transport. The expression of PsAPY1 during the stages reported in this study suggests that PsAPY1 may be directly or indirectly involved in these important processes and therefore plays a crucial role in apical hook formation. Further studies on the effects of knockout of PsAPY1 will help in better understanding the role of apyrase during apical hook development in plants.
